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Abstract
A necessary element for the predicted topological state in Kondo insulator
SmB6 is the hybridization gap which opens in this compound at low temper-
atures. In this work, we present a comparative study of the in-gap density of
states due to Sm vacancies by Raman scattering spectroscopy and heat capac-
ity for samples where the number of Sm vacancies is equal to or below 1 %.
We demonstrate that hybridization gap is very sensitive to the presence of Sm
vacancies. At the amount of vacancies above 1 % the gap fills in with impurity
states and low temperature heat capacity is enhanced.
Keywords: topological insulator, Kondo insulator, hybridization gap, Raman
scattering
1. Introduction
The theoretical and experimental discovery of topological insulators is one of
the most exciting recent achievements in the field of condensed matter physics.
Originally, topological surface states were found in insulators with strong spin-
orbit coupling where an electronic gap with band inversion exists in band struc-
tures. Later, it was suggested that materials where a gap with band inversion
results from strong electron-electron interactions, so called Kondo insulators,
can demonstrate topological surface states [1, 2, 3]. One example of such a
system is the Kondo insulator SmB6, where a gap opens at the Fermi level be-
low 70 K due to hybridization of the 4f and 5d electronic bands. Apart from
resistivity measurements, which detect the activated behavior below 70 K, the
hybridization gap was detected by various methods [4, 5, 6, 7, 8, 9, 10, 11, 12].
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SmB6 crystals grown through the floating zone method tend to possess some
amount of vacancies at the Sm sites [13]. With a presence of Sm vacancies
the resistivity temperature dependence preserves its activated behavior [13],
while a difference is observed in the shape of the resistivity plateau at low
temperatures depending on the number of Sm vacancies. According to Ref. [13]
the plateau appears at lower resistivity values and is less pronounced for samples
with a higher concentration of Sm vacancies. Our results presented in this work
demonstrate that the difference is even more striking when the low temperature
electronic structure and in-gap density of states (DOS) are probed by Raman
spectroscopy and heat capacity.
An understanding of the dependence of the hybridization gap and in-gap
density of states on the presence of Sm vacancies is important for identification
of topological Kondo insulating states. It is also necessary for determining the
source of the metallic surface states [14, 15], which can result from topologically
trivial effects, and for verifying the cause of such unexpected effects as 3D
quantum oscillations observed in SmB6 [16].
Raman scattering allows to simultaneously probe Sm vacancies through
phonon effects, and electronic structure through electronic Raman response.
This gives an advantage over such methods of sample characterization as resis-
tivity, which do not give any insight into microscopic properties of the samples.
In Ref. [12], we demonstrated a way to characterize the number of Sm vacancies
in SmB6 by the intensity of the Raman forbidden phonon at about 10 meV
associated with off Γ-point scattering of acoustic phonons [17] which arises in
samples with Sm vacancies due to local symmetry breaking. In this work, we
performed a comparative study of three SmB6 samples: the Al Flux-SmB6 sam-
ple contains negligible number of vacancies, the FZ SmB6-Def sample contains
about 1 % of Sm vacancies, and the FZ SmB6-Pure about 0.5 % of Sm vacancies.
We show that our Raman results on in-gap density of states are in agreement
with our heat capacity results.
2. Experimental
SmB6 samples were synthesized by floating zone (FZ SmB6-Pure and FZ
SmB6-Def) and Al flux (Al Flux-SmB6) methods. For FZ SmB6-Def, the num-
ber of Sm vacancies of about 1 % was estimated by measuring the size of lattice
constant [13]. For all samples, Raman spectroscopy was used to approximate
the number of vacancies according to Ref. [12].
Raman scattering spectra were measured using Horiba Jobin-Yvon T64000
triple monochromator spectrometer using the 514 nm line of a Coherent Ar+
laser as an excitation. A ST-500 Janis cold finger cryostat was used to cool down
the sample to 4 K. For more details on the measurements see [12]. All the data
presented in this paper were measured in A1g + Eg symmetry on single crys-
tals of SmB6 oriented by X-ray and polarization dependent Raman scattering
measurements.
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Figure 1: (a) Raman scattering spectra for the Al Flux-SmB6, FZ SmB6-Pure, and FZ SmB6-
Def samples at 15 K in the spectral range relevant to the hybridization gap. The inset shows
the same data with the room temperature electronic background extracted. Bands at 40 and
100 meV corresponding to Raman scattering across the hybridization gap are clearly observed
in Al Flux-SmB6 sample. Raman intensity in the gap increases and 40 meV transition gets
smeared with the increase of the number of vacancies. (b) Temperature dependence of the
heat capacity of Al Flux-SmB6, FZ SmB6-Pure, and FZ SmB6-Def samples.
The heat capacity of the SmB6 samples used for Raman scattering experi-
ments was measured in the temperature range between 80 and 2 K using Quan-
tum Design PPMS.
3. Results
Raman spectra of SmB6 show phonon bands superimposed on electronic
background. The three intense bands observed above 700 cm−1 are due to scat-
tering from phonons which involve motion of the B6 octahedra [12]. The lower
frequency spectra discussed in this paper are dominated by Raman-forbidden
and two-phonon scattering from acoustic phonons, the spin exciton observed be-
low approximately 20 K, and an electronic background resulting from interband
transitions.
As the samples are cooled below 150 K, the electronic Raman response shows
an opening of hybridization gap as a depression in the electronic background at
low frequencies, and a formation of two broad bands at 100 and 40 meV which
(Fig. 1(a)) correspond to the Raman scattering from the two hybridized bands
below EF to the one above EF as suggested by the band structure calculations
of Ref. [18]. The maximum at 40 meV corresponds to the transitions across the
hybridization gap. We show these bands with room temperature background
extracted in Fig.1 (a) (inset).
As seen in Fig. 1, the hybridization gap below 20 meV fully opens only in
the Al Flux-SmB6 samples, where the number of Sm vacancies is very small
3
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Figure 2: (a) Raman scattering of the Al Flux-SmB6, FZ SmB6-Pure, and FZ SmB6-Def
samples at 15 K in the spectral range relevant to spin exciton. Note the increase of the width
and quenching of the exciton with increasing number of Sm vacancies. (b) Temperature de-
pendence of the exciton band for the Al Flux-SmB6 sample. The inset shows the temperature
dependence of the width of the exciton band.
and comparable to the noise of our measurements. As the number of vacancies
increases up to approximately 0.5 % in the FZ SmB6-Pure sample, we observe
more Raman intensity below 20 meV, and the gap feature at 40 meV is smeared.
In the FZ SmB6-Def sample, the feature at 40 meV is not distinguishable, and
even higher intensity in the range below 20 meV is observed. For the Al Flux-
SmB6 sample, at low temperatures we observe a very narrow feature at 16 meV
(see Fig. 2). No phonon features are expected in this range, while neutron
scattering [19] and theory predictions [20] suggest a presence of a spin exciton.
We also observe a strong effect of the presence of Sm vacancies on the spin
exciton feature (Fig. 2). It appears in the spectra of the Al Flux-SmB6 sample
as a very narrow (0.5 meV) band at about 16 meV. It is widened up to 1.5 meV
for FZ SmB6-Pure sample and is absent from the spectra of FZ SmB6-Def.
This striking difference between these three samples is also observed in the
heat capacity data shown in Fig 1(b). The overall shape of the temperature
dependence is the same, with Cp going through a maximum at around 40 K
associated with the opening of hybridization gap, decreasing at temperatures
around 20 K, and flattening again at about 5 K in the low temperature metallic
regime. A small broadening of the maximum of heat capacity at around 40 K
is observed from Al Flux-SmB6 to FZ SmB6-Pure sample, while this maximum
becomes considerably broader with lower Cp values for FZ SmB6-Def. At around
2 K Cp/T of the Al Flux-SmB6 sample reaches the lowest value of 7 mJ/mol*K
2
observed for SmB6 samples [21]. The low temperature values of Cp/T observed
for FZ SmB6-Pure are about 30 mJ/mol*K
2, while the highest values of Cp/T of
about 45 mJ/mol*K2 are observed for the FZ SmB6-Def sample. A spread of the
low temperature heat capacity values was previously observed in literature [21].
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Our measurements in which we use samples with a calibrated number of Sm
vacancies demonstrate that this spread originates from the low frequency density
of states due to presence of Sm vacancies.
4. Discussion
Both Raman scattering data and heat capacity of the measured SmB6 sam-
ples show a striking change of the low temperature behavior with an increase
of the number of Sm vacancies. Raman scattering clearly shows an appearance
of electronic states below the frequencies of the hybridization gap (20 meV)
with an increase of the number of Sm vacancies. The same information is re-
vealed by the increase of Cp values with an increase of Sm vacancies in the
low temperature regime. A theoretical insight on the nature of electronic states
in hybridization gap due to non-f -electron impurities in Kondo insulating sys-
tems [22] suggests a growth of an impurity band as a function of the increasing
impurities concentration.
Heat capacity consists of electron and phonon contributions of the form
Cp = Cp(e) + Cp(ph). There is no reason for the phonon contribution Cp(ph)
for these three samples to be different, thus we can focus on the electronic con-
tribution. At temperatures above 2 K the main contributions to electronic part
of heat capacity Cp(e) = γT+exp(−∆/T ) are the free electron contribution and
a term associated with the opening of the hybridization gap ∆, which appears
in the temperature dependence as a maximum at around 40 K. The broadening
of this maximum in Cp with the increase of the number of Sm vacancies indi-
cates that the opening of the hybridization gap is suppressed. Indeed, Raman
scattering reveals that at 1 % of Sm vacancies the maximum in Raman elec-
tronic response at 40 meV corresponding to excitations over hybridization gap
becomes indistinguishable, and Raman intensity appears at in-gap frequencies,
indicating electronic states at the hybridization gap energies. A change of the
density of states which corresponds to this change of the Raman scattering elec-
tronic response, an increase of the in-gap DOS and a simultaneous decrease of
DOS at the gap edges are predicted in Ref. [22] as the result of the doping.
It is interesting to compare our results to resistivity presented for FZ SmB6-
Pure and FZ SmB6-Def samples in [13]. According to [13], FZ SmB6-Pure and
FZ SmB6-Def samples show a similar behavior of resistivity, with increase by
few orders of magnitude at about 40 K. The difference between the samples
is observed in resistivity values at 10 K and lower. This is in contrast to our
Raman scattering and heat capacity data, where the difference between the
samples in clearly observed already a 40 K.
The heat capacity below 10 K can be roughly described by the γT contribu-
tion of free electrons, due to the impurity band which crosses Ef in hybridization
gap. Here we neglect the fact that in SmB6 an increase of Cp is found below
2 K [23, 21]. The values of γ for the three measured samples are presented in
Table 1. The smallest value is observed for Al Flux-SmB6 while for the other
two samples γ increases reflecting the large increase of the electronic density
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Table 1: Values of coefficient γ for Cp and with of the in-gap exciton for the three studied
SmB6 samples.
Al Flux-SmB6 FZ SmB6-Pure FZ SmB6-Def
γ (Cp) 2 mJ mol
−1 K−2 24 mJ mol−1 K−2 42 mJ mol−1 K−2
Γ (exciton line width) 0.5 meV 1.5 meV -
of states of metallic nature. The presence of electronic states in the hybridiza-
tion gap are also evidenced both by the larger intensity of Raman scattering
below 20 meV for FZ SmB6-Pure and FZ SmB6-Def samples compared to Al
Flux-SmB6.
Another measure of the DOS inside the hybridization gap is the width of the
band of the exciton observed at around 140 cm−1 (16 meV) (Fig. 2). This band
is observed as an exceptionally narrow feature in the spectra of Al Flux-SmB6
at low temperatures. It is assigned to the scattering on the exciton level which
is formed inside the hybridization gap due to electron-electron repulsion [12,
24, 19]. The small width Γ of the band is defined by the long life time of the
excitation τ=1/Γ. The relaxation time of such a level would depend on the
probability of non-radiative decay as 1/τ = Γ ∼ 4pi(JexN(0))2T [25]. Here
N(0) is the density of states of the impurity band in hybridization gap, to
which the exciton can couple, and Jex a coupling constant which allows the
decay. The increase of Γ by three times from Al Flux-SmB6 to FZ SmB6-Pure
sample indicates the respective increase of DOS N(0)(FZ SmB6-Pure)/N(0)(Al
Flux-SmB6) = 1.5. While the tendency of the increase of the in-gap DOS is
reproduced, the value suggested by this simple calculation is much smaller than
that suggested by γ values of Cp. One reason for it could be that the width
of the exciton band Γ for Al Flux-SmB6 sample at the lowest temperature is
defined by the integration over some part of BZ, and not by the natural width.
The exciton band for a very pure SmB6 sample measured by neutron scattering
which provides the natural width due to q resolution is below 0.25 meV [19].
This point is supported by the temperature dependence of the exciton band
width followed for the Al Flux-SmB6 sample (Fig. 2(b)). Γ (T) decreases faster
on cooling than linearly with temperature as suggested by the formula that
defines the decay process of the exciton band. One possibility is that this de-
pendence is defined by the decrease of the in-gap N(0) on the opening of the
hybridization gap. Flattening of this dependence below 20 K indicates the tem-
perature below which the natural width of the band becomes smaller than the
measured one defined by the dispersion of the exciton level.
5. Conclusions
In this paper, we demonstrated an increase of the density of states inside
the hybridization gap with an increase of Sm vacancies in SmB6 using Raman
scattering spectroscopy and heat capacity. The density of states inside the
hybridization gap increases with an increase of the number of vacancies, and fills
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in the gap when the concentration of Sm vacancies reaches 1 %. We compare a
quantitative estimate of the N(0) increase received from Raman scattering and
heat capacity.
Our results are in agreement with the qualitative picture of the growth of
the impurity band inside the hybridization gap on the doping of Kondo insu-
lator with non-f electron impurities provided by theoretical work in Ref. [22].
However, theory suggests the closing of hybridization gap should occur at a
concentration of vacancies at or above 7 %, while we observe it at much lower
values of 1 %. At this point it remains a question whether the fact that Sm+3
possesses magnetic moment while Sm+2 does not is of an importance to explain
this discrepancy.
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